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In general, parachutes are known as the system for an escape from airplane or skydiving, but they also have 
crucial roles for spacecraft. The remarkable difference between these parachutes’ usage is flight conditions. 
Parachutes for spacecraft are used in a higher altitude than the former parachute or used in the other planets such 
as the Mars. This type of parachutes has mainly required a deceleration and sometimes a stability of spacecraft.  
The space shuttle developed by the National Aeronautics and Space Administration (NASA) had ended on the 
final flight in 2011. The space exploration missions with the space shuttle last for 30 years as the symbol of 
space development in the world. The space shuttle is categorized in a manned spaceship, but what makes this 
one great was its reusability. In fact, however, most parts in the space shuttle were not reused. This was 
unexpected and the cost for the rebuild and the maintenance increased than they had originally planned. 
Following this cost problem, NASA decided to start a new program named “Orion” in 2006. In the new program, 
manned spacecraft was employed following the technology from the Apollo program in the 1960s and 1970s. 
Parachutes were used during the final phase of the spacecraft landing in the Apollo program. This reenter system 
has the advantage of reducing the cost, whereas it is difficult to control the flight in comparison with the prior 
shuttle system. Therefore, it is critically important to predicting parachute’s behavior with high accuracy. Orion 
spacecraft loads the parachute system and returns to the Earth with parachute descent as with the Apollo 
spacecraft. 
In the Orion program, two drogue parachutes and three main parachutes are used. The former, the drogue 
parachutes, mainly take a role in the stability of the spacecraft. On the other hand, the latter, the main parachutes, 
have a role in deceleration before splashdown on a sea. Both parachutes are deployed at the condition satisfied 
the flight envelope, which is a function of Mach number and altitude. According to the flight envelope, drogue 
parachutes are used in the range of Mach number of 0.15–0.7 and altitude of 7,000–35,000 ft. The main 
parachutes are used in the range of Mach number of 0–0.3 and altitude of 0–9,000 ft. Hence, the drogue 
parachutes are mostly used in the compressible-flow regime, and the main parachutes are used in the 
incompressible-flow regime.  
As another example of spacecraft parachutes, there is a disk-gap-band (DGB) parachute for Mars exploration 
mission that both NASA and Japan Aerospace Exploration Agency (JAXA) have been planned. The DGB 
parachute has a disk, band and a gap between them as the name suggests. The density of the Mars atmosphere is 
approximately one hundredth compared with the Earth. Thus, the parachute is used in compressible-regime, 
especially supersonic-flow regime. As the drogue parachute and the DGB parachute, there are spacecraft 
parachutes are used not only in the incompressible-flow but also compressible-flow regime. 
Usually, it is an effective way to use an experiment for all of the industrial products. In particular, the wind 
tunnel test and flight test are adequate to understand parachute’s characteristics. However, in the case of 
parachute design, it should be referred to its challenging aspects. Regarding the wind tunnel test, there is a 
scaling challenge. Typically, parachute’s canopy is made of a very thin membrane, and it is hardly possible to 
make it thinner to adjust the scale of the other factors. Additionally, the sub-scale parachute is attached in the 
horizontal direction despite the gravity force acts to the vertical direction for the actual parachute. This effect 





measurement of static characteristics. In contrast, the flight test with full-scale parachutes can solve the aspects 
while it has challenges in the cost and time. It is said that it costs approximately a million dollars every flight test. 
In addition, to make the full-scale parachute takes time more than the sub-scale parachute. It may effective in the 
final phase of design, but it is not suitable in the trial and error phase. Moreover, the flight condition for the Mars 
exploration cannot be reproduced in the Earth because of the density difference even the full-scale parachute is 
used. For the reasons of the features of these experiments, a new method is required for efficient parachute 
designing.  
It is important to know that three perspectives to determine the performance of parachute for efficient 
parachute designing. In general, they are deceleration, stability, and lightweight. Designing the parachute bigger 
using the same material, the performance of deceleration increases in exchange for the parachute’s weight. In 
another example, designing the parachute with many gaps, the performance of stability increases though the 
performance of deceleration decreases. In this case, there is a possibility of a higher weight depending on the 
required strength. As these examples, it is clear that three performances are in the relationship of trade-off. We 
need to design with greater performance according to required performance from several points of view. In 
particular, a precise determination of the performance is critical to design parachutes of the manned spacecraft 
for the safety. To achieve the purpose, numerical analysis is important as a research subject.  
Fluid–structure interaction (FSI) analysis is a significant technology for spacecraft parachutes in the previous 
studies because the deformation of a parachute is easily affected by flow. The 
Deforming-Spatial-Domain/Stabilized Space–Time (DSD/SST) method has been serving as the core 
computational technology. The method was introduced for flows as an interface-tracking technique with moving 
boundaries and interfaces. Based on the method, the stabilized space–time FSI (SSTFSI) technique was 
introduced. The SSTFSI method enabled successful computational analysis and design studies of the main 
parachutes, used in the incompressible-flow regime, since 2007. In terms of spacecraft parachutes deployed in 
the compressible-flow regime, the computational research is still in progress. In compressible flow mechanics, 
the energy equation is added to the Navier–Stokes equations of incompressible flows with the ideal gas 
assumption to consider density changes. One of the previous studies of DGB parachutes computation using 
interface-capturing technique shows the collapsed parachute deformation and it took for several months to 
complete. Practical parachute computations are required for over Mach number 0.3. 
All computations in this dissertation are used non-uniform rational B-spline (NURBS) basis function for 
high-fidelity geometry. The parachute shape is represented smoother than a typical finite element discretization. 
The NURBS is a strong method in the field of computer-aided design (CAD). It has some features of exact and 
efficient geometric modeling, mesh refinement without changing geometry, high-order continuity between 
elements, and high accuracy and stability.  
In this dissertation, the contents have mainly three topics: 1) Parachute computations in the compressible-flow 
regime are conducted and make the validation with the static wind tunnel test as the example of DGB parachute. 
2) Coefficients of the compressible-flow porosity models are determined including both fabric and geometric 





gaps. 3) The drogue parachute computation is conducted with dynamic motion. Added mass effect is reasonably 
captured from its accelerating motion.  
  Chapter 4 describes the structural and fluid mechanics computations for DGB parachute used in the 
supersonic-flow regime to capture its static phenomenon. Firstly, the structural mechanics computations are 
conducted to obtain an initial deformed shape prior to the fluid mechanics computations. A uniform pressure 
difference equal to the dynamic pressure is applied and continue computations until a steady-state solution is 
reached. The fluid mechanics computation is conducted with the deformed shape. With these computations 
repeatedly, the drag coefficient is obtained. The converged drag coefficient for Mach number 1.4 is in good 
agreement with the time-averaging value of experimental data. 
  Chapter 5 explains the compressible-flow porosity models of drogue parachute as one of the examples. 
Capturing the flow through the hundreds of gaps is not practical using the performance of the current computer. 
Instead of capturing the detail, the compressible-flow porosity model is effective, which has two parameters for 
linear and nonlinear terms. There are two kinds of porosities for parachutes: the fabric porosity and the 
geometric porosity. Coefficients of fabric porosity are determined by the experiment, but those of geometric 
porosity is not. Therefore, fluid mechanics computations for a one-gore (15 degrees) slice with full resolution are 
conducted for calculating the geometric-porosity coefficients. To homogenize both the fabric and geometric 
porosity, the porosity coefficients are converted based on the ratio between the fabric and geometric area before 
the full-canopy fluid mechanics computation. 
  Chapter 6 shows the drogue parachute dynamics for full-scale parachute. The drogue parachute is opened at 
certain Mach number and altitude specified in the flight envelope and decrease the spacecraft. However, it does 
not always reach the steady-state condition. It may have the acceleration depending on the weight of the payload, 
the material and the performance of the parachute. Hence, the condition immediately after opening is the most 
important for parachute dynamics. In this dissertation, as the example, the target of flight condition is the 
free-stream Mach number 0.3, and altitude 35,000 ft. The fluid mechanics computation with the motion based on 
the acceleration is conducted which includes added mass effect. In addition, the drogue parachute motion is 
computed with the time-marching.  
 Consequently, dynamic computations of the spacecraft parachute are shown in this dissertation. To achieve 
spacecraft parachute computations, the structural and fluid mechanics computations are conducted in the 
compressible-flow regime with isogemetric discretization. The results make the validation with the static wind 
tunnel test. In addition, coefficients of the compressible-flow porosity model are determined by one-gore fluid 
mechanics computations. Only a sample case in the flight envelope is shown in this dissertation. This procedure 
can be extended to the other flight condition and the other parachutes with a variety of porosity used in the 
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